Aluminum (Al) and Al alloys exhibit unusual passivity when immersed in alkaline lithium (Li) salt solutions. This passivity is a result of precipitation of a continuous, polycrystalline talc coating. Talc coatings persist when removed from the Li salt solution and offer increased corrosion protection during exposure to aggressive environments. Efforts to develop a low-cost, low-toxicity, easily applied corrosion-resistant coating for Al are ongoing. Surface analytical and electrochemical experiments aimed at characterizing the structure, composition, and barrier properties of talc coatings were conducted. The solution chemistry involved in talc formation was studied, and the conditions under which coatings form readily were established. Results showed coatings formed by immersion in an alkaline Li salt bath followed by a low-temperature (≤ 100°C) heat treatment in air or water provided barrier properties that compared favorably with those of traditional inorganic corrosion-resistant coatings, such as those produced by chromate conversion.
INTRODUCTION
Use of chromate conversion processes to form corrosion-resistant coatings on aluminum (Al) alloys is expected to be restricted in the near future. Hexavalent chromium (Cr 6+ ), a known carcinogen, is a primary ingredient in these processes. 1 Other toxic chemicals, such as cyanides and fluorides, also can be present in commercial chromate conversion baths. [2] [3] Because of rising remediation and disposal costs caused by increasingly strict regulations, the replacement of traditional chromate conversion processes is a high priority. A replacement process, however, depends on the development of suitable substitute coating technologies.
The basis for one new corrosion-resistant coating is the formation of a continuous surface film on Al exposed to an alkaline lithium (Li) salt solution. Several reports have described the unexpected passivity of Al in alkaline solutions containing Li salts. [4] [5] [6] [7] [8] [9] Gui and Devine 4 and Craig, et al., [5] [6] observed an active-topassive transition in the anodic polarization response for Al in aerated and deaerated alkaline lithium carbonate (Li 2 CO 3 )-sodium chloride (NaCl) solutions. Al normally exhibits a high dissolution rate in alkaline solutions but becomes surprisingly passive at potentials positive to the active-passive transition. Craig, et al., [5] [6] proposed that passivity was conferred by the spontaneous formation of lithium aluminate (LiAlO 4 ). Gui 4 and Moran and Stoner 8 noted unusual passivity in alkaline Li solutions, but they did not observe similar behavior in experiments when Na or potassium (K) salt solutions were substituted for the Li salt solutions. Moran and Stoner suggested passivity was a result of precipitation of Li 2 CO 3 or a Li 2 CO 3 -based compound. 8 Buchheit reported that pure Al and Al alloys exposed to different alkaline Li salt solutions passivated spontaneously under free corrosion conditions. 9 Spontaneously passivated surfaces did not exhibit an active-passive transition during anodic potentiodynamic polarization but did exhibit passive current densities on the order of 10 -6 A/cm 2 at pH 11.5. Rangel and Travassos used cyclic voltammetry and electrochemical impedance spectroscopy (EIS) to study the electrochemical behavior of Al in Li salt solutions. 7 Passivation was observed in aerated 0.05 M Li 2 CO 3 solutions but was not observed when the solution was deaerated. It was proposed that Li and dissolved oxygen (O 2 ) were necessary for the formation of a barrier film. These films also were shown to be resistant to attack by chloride (Cl -)-bearing solutions.
In the present work, x-ray diffraction (XRD) was used to show that the barrier films that form on Al in alkaline Li salt solutions were comprised predominantly of hydrotalcite-like compounds (referred to as "talc"). The carbonate variant of these compounds, lithium aluminum hydroxide carbonate hydrateLi 2 [Al 2 (OH) 6 ] 2 ·CO 3 ·nH 2 O, was the primary focus of the present study. A method was developed to form this compound as a continuous barrier coating on Al using a minimal number of processing steps. Coatings formed by this method pass standard salt spray exposure testing. Additionally, this coating procedure used chemicals that posed a negligible health and environmental contamination risk.
The objective of the present work was to describe methods used to form the hydrotalcite-like coating and characterize its structure and composition compared to specimens prepared with a commercial chromate conversion coating.
EXPERIMENTAL PROCEDURES

Coating Methods
Coatings were formed on commercial sheet stock of Aluminum Association (AA) alloys 1100 (UNS A91100, 1.0% iron [Fe] +silicon [Si] , balance Al), (1) 2024-T3 (UNS A90924, Al-4.4% copper [Cu]-0.5% magnesium [Mg] ), 6061-T6 (UNS A96061, Al-1.0% Mg-0.6% Si), and 7075-T6 (A97075, Al-5.6% zinc
[Zn]-2.5% Mg-1.5% Cu). Identical treatment procedures were used for each alloy. Mill-finished coupons were prepared for coating using standard cleaning methods. The preparation procedure included degreasing, alkaline cleansing, and acid deoxidizing. Coupons were rinsed in distilled water between each step. Coating was performed in 0.1 M Li 2 CO 3 solution at room temperature open to ambient laboratory air. The pH of the coating bath was preadjusted to a minimum of 11.5 and a maximum of 13.5 using additions of lithium hydroxide (LiOH). Since the coating formed by a coprecipitation reaction involving Al, the bath was doped with Al 3+ ions using a sacrificial Al coupon. Sacrificial AA 1100 coupons were immersed in the bath and allowed to dissolve freely. The coupons evolved hydrogen (H 2 ) vigorously for 90 min to 120 min before passivating from formation of the talc compound at the surface. Once H 2 evolution ceased, the sacrificial coupons were removed and coating runs begun.
Studies aimed at determining the Al 3+ content required for coating formation remain in progress. The possibility of doping the bath with an Al salt was resisted because of the possibility of anion incorporation into the talc that could result in changes in coating properties.
Coupons were immersed in the coating bath for 15 min, rinsed with distilled water, and allowed to dry at room temperature. Coupons immersed in the coating bath evolved H 2 vigorously at first. As the coating formed, however, gas production slowed and appeared to be complete within the 15-min immersion period. Coating formation sometimes took longer on AA 1100 than on the other alloys. In some instances, 60 min to 90 min of immersion were required to develop full surface coverage. With prolonged use, the coating bath became saturated, and the talc compound precipitated homogeneously from solution. However, coatings still developed under those conditions. Coatings were allowed to dry in air at room temperature for 168 h before any corrosion testing. The processing steps, immersion times, and bath compositions used in the coating process are listed in Table 1 .
To examine the effect of postcoating heat treatment as a process variable, coatings were formed on AA 1100 and AA 6061-T6 in the manner described and allowed to dry in ambient lab air for 24 h to 72 h. Sets of specimens then were heated in air for 4 h at 70°C, 115°C, 160°C, 205°C, 250°C, and 300°C. Talccoated AA 1100 and AA 6061-T6 panels also were subjected to hydrothermal aging treatments by immersing in distilled water for 15 min to 30 min at 70°C.
The alloys also were coated using a chromate conversion coating process. 10 Panels were subjected to the same precoating cleaning process as the talccoated samples. Corrosion-resistant grade coatings (1) UNS numbers are listed in Metals and Alloys in the Unified Numbering System, published by the Society of Automotive Engineers (SAE) and cosponsored by ASTM.
were formed according to the manufacturer's specifications for the chromate conversion coating process. These samples were tested in parallel to talc coatings for comparison.
XRD
XRD experiments were performed with a diffractometer using Cu K ␣ radiation ( = 1.5418 Å). The diffractometer was controlled by computer. The diffraction management software allowed access to the JCPDS Powder Diffraction File (2) and was capable of executing a user-defined, search-match routine with an experimental XRD data set.
XRD patterns from coatings on flat coupon surfaces were generally too weak to be useful. Grazing angle x-ray methods provided little improvement in pattern intensity. However, coating Al powders, consisting of particles 6 µm to 10 µm diam, provided a favorable surface area-to-volume ratio and a sufficient volume of coating was generated for XRD characterization.
Secondary Ion Mass Spectrometry
Al and C (from carbonate) negative ion and Al and Li positive ion composition depth profiles were determined for talc-coated specimens using secondary ion mass spectrometry (SIMS). Al was collected as a positive and as a negative species. SIMS was performed using an O -primary ion beam with an accelerating voltage of 10 kV and a beam current of 50 nA. The beam was rastered over an area 100 µm by 100 µm. The field aperture was selected so that ions generated from a circular area of 8 µm 2 diam in the center of the rastered area were admitted into the spectrometer. Ions with energies ±10 eV of the peak yield energy were included in the ion count.
Salt Spray Testing
Salt spray testing was conducted on coated test coupons according to ASTM B 117-90. 12 Coupons were exposed for 168 h. Coating performance was evaluated according to MIL-C-55441E, "Chemical Conversion Coatings for Aluminum and Aluminum Alloys." 13 The failure criterion for this specification is the presence of five or more isolated spots or pits > 0.0787 cm (0.031 in.) per 193.5 cm 2 (30 in.
2 ) of coated coupon area. General discoloration of a panel was not considered grounds for failure.
EIS
The barrier properties of talc and chromate conversion coatings were evaluated in air-sparged 0.5 M NaCl solutions under free corrosion conditions using EIS. Measurements were conducted in a flat cell modified to accommodate a specimen with a 20-cm 2 exposed area. Impedance experiments were initiated after 3 h exposure to solution. Free corrosion potentials typically were in the range of -0.715 V to -0.730 V after 3 h in solution. Data were collected using a combination potentiostat/frequency response analyzer (FRA) or an electrochemical interface/FRA combination. Each system was controlled by a Z plot impedance software package installed on a personal computer. Typically, measurements were made at frequencies ranging from 65 kHz to 5 mHz by sampling at 10 points per decade frequency using a 10 mV or 20 mV sinusoidal voltage perturbation. At any frequency, the measurement signal was integrated to minimize effects of spurious components to the measured signal. Total resistances were determined by circle-fitting the data plotted in the complex plane or by integration of the imaginary component of the impedance using the method described by Kendig.
14 Total capacitances were determined from the slope of the Y''() vs plot.
RESULTS
Coating Structure and Composition
Figures 1 and 2 show the morphology of the polycrystalline talc coating. Figure 1 is a micrograph of a coating aged in air at 25°C. The coating was comprised of intersecting plate-like crystallites. Figure  2 shows a coating aged in water at 70°C for 15 min. The coating retained the plate-like morphology, but the crystallites appeared much larger than in Figure 1 . To assess the morphological change induced by hydrothermal treatment, the crystallite edge length per unit area was determined using quantitative stereology methods. 15 The edge length per unit area for the coating aged in air at 25°C was 8.31 x 10 4 cm -1 , while that for the hydrothermally aged coating was 3.08 x 10 4 cm -1
. A lower value for edge length per unit area was taken to indicate a decrease in crystallite size. defined to be the point at which the Li signal dropped to 1 count per measuring cycle. Beyond this point, the sputtering rate was taken to be that for pure Al (1.5 Å/s). 17 After the experiment, the total crater depth was measured using a profilometer. Coating thickness was estimated to be the difference between the total crater depth and the thickness of the Al substrate sputtered beyond the coating metal interface. Table 3 summarizes the profilometry data, sputter data, and thickness estimates. Based on those estimates, hydrothermal treatment did not appreciably thicken the coating. Coatings appeared thinner after exposure to salt spray for 168 h, however. Table 4 shows salt spray results for talc-coated and chromate conversion-coated AA 1100 and AA 6061-T6. Talc-coated coupons aged at 25°C failed the test, but passed with regularity after heat treatment. The talc-coated specimens were discolored and waterstained after exposure. However, since the evaluation criterion was the presence of pits and not discoloration, unpitted coupons were given a pass ranking. Chromate conversion coatings exhibited excellent corrosion resistance after aging at 25°C but tended to lose corrosion resistance after heat treatment. Talccoated AA 2024-T3 and AA 7075-T6 aged at 25°C did not pass the salt spray test, but corrosion resistance was improved compared to uncoated control coupons. The corrosion resistance of heat-treated talc coatings on AA 2024 and AA 7075 was not tested in the present work.
Corrosion Resistance
Scanning electron microscopy (SEM) showed significant morphological differences evolved in the talc coatings during salt spray exposure depending on the thermal treatment. Discrete pits formed on AA 6061-T6 aged at 25°C after 168 h of salt spray exposure Aging at elevated temperatures in air or water caused an increase in crystallite size, although the effect in water was more pronounced. 16 The data closely matched the reference pattern for hydrotalcite, although some bayerite may have been present also. XRD patterns generated from coated samples aged in air or water at temperatures ≤ 100°C remained consistent with the reference pattern for Li 2 [Al 2 (OH) 6 ] 2 ·CO 3 ·3H 2 O. Figure 3 shows composition depth profiles generated from talc-coated AA 1100 specimens with and without postcoating hydrothermal treatment. The C, Li, and Al-negative ion depth profiles from the ascoated surface exhibited peak intensities in the outermost regions of the coating, while profiles from the hydrothermally aged specimens peaked at greater depths. It was suspected that the profiles were influenced strongly by the difference in apparent crystallite size between the two coatings. Since preferential sputtering was likely to occur at crystallite edges, ion yield was highest for the outermost region of the coating aged in air where edge length per unit area was high. The hydrothermally treated coating had an edge length per unit area three times lower than its untreated counterpart and exhibited a much lower ion yield in the outermost portion of the coating.
Since sputter rates for hydrotalcites are not known and are likely to vary with depth, coating thicknesses could not be determined directly from SIMS data. However, an indirect estimate for thickness was obtained from sputter depth profile data for Li, which was presumed to exist solely within the coating, and from profilometry, which was used to determine the total depth of the crater after the sputtering experiment. The time to sputter to the coating-metal interface was (Figure 4) , causing the coupon to fail but the coating persisted over the remainder of the exposed surface. The original talc morphology was recognizable, but there was evidence of damage by dissolution. The talc coating on AA 6061-T6 aged at 70°C in air passed 168 h of salt spray exposure ( Figure 5 ). In this case, the talc morphology was evident, and the crystallites appeared coarser than those of an unexposed coating. The ability of the heat-treated talc coating to retain its original morphology after salt spray exposure, combined with its overall corrosion performance in the salt spray test, was believed to indicate an increase in coating stability. Corrosion products that developed in the coating during exposure to aggressive environments were not identified in the present work.
Composition depth profiles obtained for talccoated AA 1100 before and after exposure to aerated 0.5 M NaCl supported the beneficial effects of heat treatments. Figure 6 shows composition depth profiles before and after 125 h exposure. These profiles showed large decreases in the Al and Li signals from the coating after exposure to a 0.5 M NaCl solution.
For comparison, Figure 7 shows composition depth profiles before and after exposure for a talc coating Observed aged at 70°C in air. In this case, the change in profiles from exposure was comparatively minor. Figure 8 shows Bode plots for AA 1100, ascoated, and heat-treated at 70°C in air. 18 Spectra were generated after 3 h exposure to aerated 0.5 M NaCl solution. In each spectrum, the time constant from charge transfer across the oxide film or coating could be distinguished at intermediate frequencies. A transmission-line response typically occurred at the lowest frequencies because of pitting. The beneficial effect of postcoating heat treatment on corrosion resistance was demonstrated by the breadth of the frequency range dominated by the capacitive response of the coating. ) and X m-is an anionic species. Carbonate is incorporated more readily into the talc structure than other anions because of its small size and its double negative charge. 24 This high selectivity for CO 3 2- 25 XRD of this compound showed the cation layer exhibited a gibbsite structure rather than the typical brucite structure. Li ions situated in octahedral voids in the gibbsite structure gave this metal hydroxide layer its net positive charge. There was a tendency for ordering of Al and Li in a 2:1 ratio in which Al was arranged as in gibbsite, and Li occupied octahedral voids. Subsequent research has shown that the catalytic properties of Li-bearing hydrotalcites are similar to those of traditional hydrotalcite compounds. 26 
Talc Film Formation
Talc has been formed by precipitation in solutions with pH as low as 7. 27 For talc formation to be practical P/P F/F P/F 70 P/F P/P P/P P/P 115 F/F P/F P/P P/F 160 F/F P/F P/P P/F 205 P/F P/P P/F P/P 250 P/P P/P P/P P/P 300 P/P F/F P/P F/F
(A) Two panels tested for each treatment.
(B) P/P = both coupons passed; P/F = one coupon passed, one failed; F/F = both coupons failed.
Chromate Talc
Bode plots for heat-treated talc and a chromate conversion coating after 3 h exposure to aerated 0.5 M NaCl (Figure 9 ) showed the heat-treated talc coating exhibited a larger total resistance than the chromate conversion coating. The heat-treated talc coating did not always exhibit better barrier properties than chromate conversion coatings on AA 1100 and AA 6061 during impedance testing. However, performance of the two coatings usually was comparable.
Coating performance depended strongly on alloy type. Total resistance and capacitance values for chromate-coated, talc-coated, heat-treated talc-coated, and bare alloys are summarized in Table 5 . In general, the performance trends for each coating followed the intrinsic corrosion resistance of the alloy substrate: AA 1100 AA 6061-T6 > AA 7075-T6 > AA 2024-T3. 19 Among coatings, the chromate coating demonstrated a slight performance advantage over heat-treated talc based on higher total resistance and lower total capacitance values. Talc coatings aged at room temperature offered an increase in corrosion resistance compared to bare alloys, but did not match the performance of the heat-treated talc coating or the chromate conversion coating. as a coating procedure on an Al substrate, several conditions must be met:
-The native Al-oxide must be removed or destabilized.
-The reactants involved in the talc formation reaction (Al , and OH -) must be present in sufficient concentrations to cause precipitation.
-And, the coating formation must be complete within a reasonably short time.
These conditions are satisfied adequately in alkaline solutions where pH > 10.
Al solubility is high in acidic and alkaline solutions because its protective oxide is unstable (Figure 10 ). Al in solution also hydrolyzes, forming a series of monomeric aquohydroxo species ranging from Al 3+ ·6H 2 O aq in acid solutions to Al(OH) 4 -·2H 2 O aq (aluminate) in alkaline solutions. 28 Al(OH) 4 -, the aluminate anion, appears to participate in talc formation in alkaline solutions, providing the Al and hydroxyl groups found in the gibbsite layer of the talc structure. Li solubility is high over the entire pH range. Li + essentially is unhydrolyzable in all but the most alkaline solutions. 29 Speciation of performic acid (H 2 CO 3 ), HCO 3 -, and CO 3 2-is also a strong function of pH (Figure 11 ). At pH > 10.5, CO 3 2-becomes the predominant species. In the coating bath, talc formation occurs at the Al surface because high aluminate ion concentrations develop there rapidly during immersion. With time, however, the aluminate concentration of the bath becomes high enough for homogeneous precipitation of talc from solution.
Among the Group 1, Group 2, and possibly the transition metals, only Li appears to exhibit the requisite chemical properties that enable talc formation on an Al substrate from an alkaline solution. Group 1 metals (Na, K, and cesium [Cs]) exhibit high solubility in alkaline solutions, but none are strong talc formers. 
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-Coarsening of talc crystallites during elevatedtemperature exposure, and -Increased crystallinity of talc compounds exposed to elevated temperatures.
Porous anodized Al sometimes is sealed to enhance corrosion resistance. Sealing is achieved by exposing anodized coatings to aqueous solutions at elevated temperatures. Sealing is reported to induce formation of pseudoboehmite (AlOOH) or bayerite (Al[OH] 3 ). [34] [35] These types of Al oxides form in the outer, porous layer of the anodized coating and are believed to decrease coating permeability. In the case of talc coatings, sealing treatments may cause poorly crystallized AlOOH or Al(OH) 3 to form in the interstitial spaces between talc crystals in the coating that would not be detected readily by SEM or XRD. Again, coating thickness estimates from SIMS work did not indicate a strong thickening effect from heat treatments.
Hydrothermal treatment of catalysts derived from talc is known to increase crystallite size and improve crystallinity. 36 A comparison of Figures 1 and 2 showed the talc coatings formed on Al also experienced an increase in crystallite size after hydrothermal treatment. The increase in crystallite size may have increased stability of the coating. Because of the Group 2 metals, on the other hand, are strong talc formers but essentially are insoluble in alkaline solutions where they precipitate as carbonates, precluding the formation of talc. Formation of talc compounds with transition metal cations has been reported using lengthy titration and hydrothermal aging methods, 31 but the solubility of transition metal carbonates is low in alkaline solutions. 32 Among these metals, only Li is sufficiently soluble (0.21 M/L) 33 and has the ability to participate in talc film formation.
Effect of Heat Treatment
Salt spray and impedance testing showed the corrosion performance of the talc coating was improved by a postcoating heat treatment in air or distilled water. This beneficial effect occurred using treatment temperatures as low as 70°C. How heat treatment improved barrier properties of the coating was not understood fully. However, experience with porous, inorganic corrosion-resistant coatings and with hydrotalcite catalysts suggested possible contributing factors including:
-Increased barrier properties in porous coatings "sealed" by exposure to elevated-temperature aqueous solutions, (1) talc-coated and (2) heat-treated, talc-coated AA 1100 exposed to aerated 0.5 M NaCl solution for 3 h. (3) LD 50 is the quantity of material that when ingested, injected, or applied to the skin as a single dose will cause death of 50% of animals in a test. The value is expressed as mg/kg of body weight.
layered structure of the talc compound, ions were most likely to enter or leave the lattice at crystallite edges. A reduction in the total edge length through an increase in crystallite size would have reduced total reactive area, thereby stabilizing the coating.
Talc Coating as a Chromate Conversion Coating Replacement
The talc coating process, as currently practiced, offers several advantages over traditional chromate conversion coating processes and over some emerging chromate replacement processes. The two primary advantages of talc coatings are their low toxic hazards and simple fabrication methods.
The primary ingredient in the talc coating bath is Li 2 CO 3 . This compound has an LD 50 (3) (oral-rat) of 525 mg/kg. 37 LiOH, which may be added to the bath, has an LD 50 (oral-mouse) of 200 mg/kg. 38 Neither compound is a known carcinogen. Cr
6+
, the primary active ingredient in chromate conversion baths, is a known carcinogen and has an LD 50 (oral-rat) of 57 mg/kg. 1 To place these values in perspective, the LD 50 (oral-rat) for NaCl is 3,000 mg/kg. 39 In addition, because of the potent toxic hazard associated with use of chromate compounds, the American Conference of Governmental Industrial Hygienists (ACGIH) has established a maximum permissible exposure limit (PEL) for the level for airborne chromate at 0.05 mg/m 3 (based on sodium dichromate [Na 2 Cr 2 O 7 ]). 1 Talc coatings are formed easily by immersion in the coating bath. Precoating cleaning is conducted using traditional methods. The immersion time of 15 min in the coating bath is slightly longer than typical immersion times, which vary between 1 min and 5 min, depending on the desired coating weight, but is not as prohibitive as some emerging chromate replacement processes that require hours of exposure to the coating bath. [40] [41] Heat treatment improves corrosion performance, but is an additional step beyond the chromate conversion process. The heat treatment process is not an unfamiliar metal finishing procedure, however.
SUMMARY
y A barrier film can form as a continuous polycrystalline coating on Al surfaces by precipitation from alkaline solutions. The coating formed from Li 2 CO 3 solutions belongs to a class of compounds known as hydrotalcites. XRD indicated the compound exhibited a structure consistent with a compound whose stoichiometry was Li 2 [Al 2 (OH) 6 ] 2 ·CO 3 ·nH 2 O. y This coating was persistent and offered increased corrosion protection in aggressive environments. y The coating method developed was procedurally similar to traditional conversion coating processes but did not use or produce any toxic chemicals. y Talc coatings improved corrosion resistance of AA 1100, AA 2024-T3, AA 6061-T6, and AA 7075-T6. However, only talc-coated and heat-treated AA 1100 and AA 6061-T6 passed 168 h after standard salt spray testing.
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NACE International recently published the preceedings of two portions of the 12th International Corrosion Congress. Volume 4, Oil/Gas/Pipeline features 35 papers written by corrosion experts and provides a comprehensive examination of the history, recent advances, and future trends for corrosion control in oil and gas pipelines.
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Volume 6, Electric Power Industry Workshop, features 23 papers on topics specific to the power industry. These include cutting the cost of corrosion and fouling by real-time monitoring, online monitoring of fireside corrosion in power plants, and monitoring of microbiological activity in power plants.
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